in suspension culture and display a volume distribution correlated with their age .
MATERIALS AND METHODS
The human leukemia cell line HL-60 originally isolated by Collins et al. (16) was used. Cultures were grown in plastic flasks in an air-COs incubator (37°C) at pH 7.4 on alpha modification of Eagle's medium with Eagle's salts minus ribosides and deoxyribosides plus glutamine with 15% fetal calf serum(Flow Laboratories, Inc., McLean, Va .) and sodium bicarbonate. Culture growth was monitored by determining cell number. Number and mean cell volume were determined using a Coulter counter model Z (Coulter Electronics Inc., Hialeah, Fla.) . Stocks were passed at weekly intervals and maintained under standard conditions . Experiments were started from either exponential or stationary phase stocks .
Cells were stained in culture medium by use of an aqueous rhodamine 123 (Eastman Kodak Company, Rochester, N.Y .) stock solution of 1 mg/ml added into medium to make the concentrations specified in each case . After staining for I h, they were washed twice in the culture medium . Propidium iodide staining for DNA used amodification of the protocol of Crissman et al . (17) . Mitochondria were prepared by differential sedimentation using a standard method (l8), and they were stained by successive additions of rhodamine 123 until they could be differentiated by fluorescence microscopy . They were not washed . The microscope used was a Zeiss Universal fitted with a tungsten-halogen light source for vertical excitation with broad-band filtered light from 420 to 490 rim. Observations were made at 500 nm and longer.
Photographs were made using a Nikon FE 35-mm camera coupled to the Zeiss Universal microscope . Tri X film was used and developed to an ASA of 1,600 with Diafin (Acufme, Inc., Chicago, Ill.). Control spectral fluorescence curves on aqueous solutions of the dye and of dye plus mitochondria yielded both emission (maximum, 522 nm) and excitation (maximum, 497 nm) spectra that were nearly identical, falling within 3 rim. Although fluorescence enhancement between the dye and the mitochondria was not measured, it was estimated to be low, if present, although a marked partition of the dye into mitochondria can be observed .
Cytofluorometry was carried out using the analytical components of two different cell sorter systems, i.e., the Coulter TPS1, with excitation at 488 nm and emissions at 510 nm and higher, and the Coulter EPIC, using a 5-W argon laser exciting at 488 nm with emissions at 510 nm and greater. These instruments measure and record distributions of cell number vs. forward light scatter and/or fluorescence intensity as a dilute suspension of cells passes through a laser beam . These variables can be examined simultaneously by setting a gate or window on one while measuring the other. By setting the gating control, the totaldistribution can be subdivided into an arbitrary number of gates and these used to obtain distributions for the other variable . The term gate in this report implies the use of a subdivision of a total distribution (light scatter) to examine the second variable (fluorescence) independently. Cells were examined by flow fluorometry over culture ages from 22 to 96 h.
To generate the three-dimensional graph, data from the flow microfluorometer were analyzed and drawn by an IBM 360/91 computer. Comparable analyses were carried out on all data used for the determination of cell cycle synthesis curves . Estimates of the strength of binding of the stain to the cells were made by staining a population and measuring the mean fluorescence by flow microfluorometry . After four 20-min washes with culture medium, the mean fluorescence of the population had not changed. With prolonged washing the fluorescence dropped to 72% of the control.
To test the relationship between the extent of staining and the concentration of stain, the following experiment was done . A culture of cells in mid-exponential phase was divided into aliquots and these were stained with increasing concentrations of the dye, i.e ., from 0.25 to 96 jig/ml with 300,000 cells/ml . These aliquots were washed and the fluorescence profiles were obtained on each with the flow cytometer. The mean fluorescence was determined on each fluorescence vs . number distribution, and these values are plotted against the concentration in Fig. 2 . This graph is a result of two ranges of concentration, one at the low range, 0.25-8 jig, and one at the high range, 7-98 Erg. As indicated, above 2 Ftg/ml the fluorescence stays relatively constant up to 16 jig/ml . In this range, mitochondria are the only elements stained. General staining of other parts of the cell is observed above 16 pg/ml, and the entire cell is stained at higher concentrations . As a consequence of these findings, staining was standardized by using a fixed number of cells, 3 x 10 5/ml, at an initial concentration of 5 jug of stain/ml of culture medium for a duration of 1 h. Stained cell preparations were monitored microscopically for specific localized fluorescence before each analysis by flow cytometry. In addition to this relationship, a separate study' showed that stained Studies of the chronic effect of the dye on the growth of cells established that maximum growth rate is profoundly affected, being sustained only below 0.25 flg/ml (Table I) . At the same time, growth measured as total yield of cells declines with increasing concentration of dye. Between 0.25 and 0.75 FLg/ml, the percent yield relative to controls drops from 75 to 22%, and at 2 gg/ml the yield was 5% of the control. The mean cell volume measurements show a change but only at the highest concentration where cytolysis is occurring.
Because the determination of the increase in number of mitochondria over the cell cycle depends on the strength of the correlation between light scatter and cell cycle age, we have done two types of experiments to establish a relationship between the light-scatter distribution and the synthesis curves of mitochondria and DNA. By selecting an increasing series of gates from the total light-scatter distribution, each level of cellular fluorescence can be examined across the profile. This was accomplished by monitoring the individual fluorescence distributions at a series of light-scatter gates. Fig. 3 is a threedimensional plot of the rhodamine fluorescence vs . cell number obtained and displayed for each light-scatter gate . The normalizations of these data rest first on obtaining a light scatter vs . cell number plot on the whole population . Using this lightscatter range, a fluorescence profile is obtained on the population for a fixed time interval and the total number of cells is noted. This number is equivalent to the number of cells under the light-scatter profile obtained for the same time interval, indicating that all cells in the sample have taken up the dye. This distribution is used to set range and number of light scatter gates that will be used . Each gate is then monitored for the same time interval . Consequently, the sum of the number of cells in each gate closely approximates the number found on the total fluorescence distribution . Thus, each fluorescence vs . number distribution shown in Fig. 3 is proportional to that gate's fraction of the culture. The means of each distribution as 25 8 THE JOURNAL OF CELL BIOLOGY " VOLUME 89, 1981 FIGURE 3 A three-dimensional plot of a rhodamine-stained cell population obtained by measuring the cell number-fluorescence distribution at a series of light-scatter gates. The weighted means of each distribution yield the mitochondrial synthesis curve given as the double dashed line . plotted in Fig. 3 yield the double-dashed lines which show the mitochondrial synthesis curve. Fig. 4 is a simple plot obtained from the same kind of data but of propidium iodide-DNA fluorescence from the same culture. The portions of the plot corresponding to G,, S, and Gz + M levels of DNA are readily identified . This analysis established that the light-scatter gates are closely related to the cell cycle age in the population . The same gating procedure was applied to a culture stained at various stages with rhodamine 123 to determine whether the mitochondrial increase changes as a function of the culture age. Fig. 5 is a series of such plots obtained on cells at different culture ages . In this experiment, the curves for mitochondrial increase as measured by rhodamine 123 fluorescence cover culture ages from 22 to 96 h. The slopes appear to be essentially linear, while the magnitude of the initial and final gates reflect the fact that cell volume changes with culture age. The linearity appears to be lost in the 70-h and the 96-h cultures, which have an exponential character. This is more obvious when they are plotted on semilog paper. Using these same culture data, one can generate Fig. 6 ; it shows the total mean fluorescence of each of these populations from Fig. 5 plotted against the mean cell (Coulter) volume. Because the mean cell volume changes with culture age, the rather good correlation between the total fluorescence and the mean cell volume adds evidence to the stoichiometric characteristic of the measurement.
Experiments were designed to test for the equal distribution of stained mitochondria to daughter cells at the time of cell 16 +_ 1+
Growth Characteristics total light scatter. Because the mean fluorescence would be expected to halve if the dye were distributed to each cell at the time of division, measurements were made at intervals approximating the generation time . Our results deviate from this prediction . This can be explained by an imbalance between mitochondrial proliferation and cell growth during the culture cycle . This is supported by the data in Fig . 5 , which show a gradual decrease in the average fluorescence with culture age . Keeping in mind that the dye does not appear to be readily removed by washing and that the rate of loss of fluorescence is greater than would be predicted by cell division dilution, a contradiction is evident that deserves more extensive exploration and will be discussed below .
Our effort to determine the pattern of mitochondrial increase per cell over the cell cycle consisted of establishing the mitochondrial specificity and stoichiometry of the fluorescent dye rhodamine 123 and then determining the mean fluoresl;ence of a series of cell size classes that in turn are a function of the cell cycle age.
It has been shown that rhodamine 123 is specific for mitochondria as evaluated by microscopic observations (14) . We have confirmed this for HL-60 cells and present photographs of observations on the cells and on isolated mitochondria . The validity of the specificity is also supported by our finding that in vivo mitochondria display a saturation plateau at dye concentrations between 2 and 16 flg per 5 x 105 cells/ml . At lower concentrations the mitochondria stain faintly, whereas above the 16-1Ag level other parts of the cell show fluorescence (Fig.  2) . The constancy of the fluorescence intensity in the middle range suggests that the binding specificity is distinctly different for mitochondria than for other cell organelles . The faint staining at the lower levels suggests that they are the first organelles to bind the dye. The stability of the fluorescence with washing of the cells also supports this contention of specificity and stoichiometry .
If one assumes the intensity of fluorescence to be directly proportional to the volume of the mitochondria as has proved the case with rat liver mitochondria,' our cytofluorometric data leave little doubt that the synthesis of mitochondria over the cell cycle is continuous . Several factors require that caution be exercised in giving a more precise interpretation to the data . One of these is the function relating light scatter to cell size and thus cell age, and the other is the relationship of mitochondrial fluorescence to the mass, volume, or membrane surface area of the organelle. Although there is a direct proportionality between cell volume and cell cycle age, the correlation includes several statistical variables that are difficult to evaluate (19) . In this present study we have obtained population distributions of (Coulter) cell volume, light scatter (20) , and rhodamine 123 fluorescence on the same culture. By simply normalizing these distributions, we can show them to be very similar. This is consistent with the hypothesis that rhodamine 123 fluorescence is a monotonic function of cell volume, and this is correlated to cell cycle age by a quasilinear association.
The function relating cell age to light scatter has been strengthened by showing that the DNA synthesis curve over the cell cycle takes on the typical Gi, S, G2 + M form when light scatter is the gating base used . This allowed us to employ a common function, i.e ., the light scatter, to evaluate the increase in mitochondria! fluorescence against the base used for the DNA profile giving a common age reference for the two processes.
By these criteria it is reasonable to state that the synthesis curves of Figs. 3 and 5 are linear. These data are consistent with those of Attardi et al. (5) in which the electron micrograph profiles of cell, cytoplasm, and mitochondria were measured on sections of synchronized HeLa cells. Although their methodology was considerably different from that used in this study, the results are similar. Furthermore, our data on the culture age were used to show that mean cell volume (Coulter) plotted against mean cell fluorescence at each age would generate a general relationship between cell volume and mitochondria! mass . The plot of these means at each culture age against each other yields a straight line as shown in Fig. 5 . Larger cells contain a greater amount of fluorescing mitochondria than small cells, supporting the widely held idea that there is a correspondence between volume and respiratory capacity of a cell . Curiously, the least square line that has a 0.98 correlation coefficient extrapolates to zero fluorescence at a volume approximately equal to the cell's nuclear volume .
Our attempts at monitoring the division dilution of acutely stained mitochondria by flow microfluorometry have made us aware of the contradiction that the fluorescence is more than halved after one generation's time even though washing the cells does not markedly decrease the dye concentration . In other work we have noted that there is a disproportionate mitochondria! increase relative to cell division in the early portion of a culture cycle, whereas the opposite occurs in the late portion of the culture cycle. These preliminary observa-260 THE JOURNAL OF CELL BIOLOGY -VOLUME 89, 1981 tions suggest a mitochondria! proliferation rate that differs from the cell growth rate over the culture cycle. We consider this phenomenon the most likely basis for the decrease in the dye concentration .
